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Introduction
 Because of a decrease in the secretion of saliva, 
patients who have undergone radiotherapy suffer 
from dry mouth, eating disorders, masticatory dis-
turbance, and difﬁculty in swallowing.  Moreover, 
dental caries may form and are more frequent in 
these patients, and their general conditions subse-
quently worsen1–4.  Many studies have reported 
radiation injuries to the salivary gland, and a few 
have reported that the administration of a nerve 
stimulant before irradiation reduced the rate of 
radiation injuries5,6.  Therefore, many experiments 
have been carried out to investigate the inﬂuence 
of irradiation on the salivary gland after it has 
released secretory granules.  However, these 
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Abstract : In order to examine the inﬂuence of X-ray irradiation on the demilune cells of the sub-
lingual gland due to the existence of secretory granules, 10 Gy of X-ray irradiation was applied to 
the sublingual gland of mice at 3 hours after isoproterenol (IPR) administration.  To inspect the in-
ﬂuence of irradiation at 3 days after the irradiation, tissue images and results of autoradiography 
performed at 30 and 120 minutes (min) after 3H-leucine administration of the IPR administration 
(IPR/10Gy) group were compared with those of the non-IPR administration (nonIPR/10Gy) group.  
In transmission electron microscope images, swelling and pyknosis were observed in the rough en-
doplasmic reticulum of the nonIPR/10Gy group.  The number of reduced silver grains per unit cell 
area in nonIPR/10Gy at 30 and 120 min after 3H-leucine administration was less and greater than 
that in the other 3 groups (nonIPR/0Gy, IPR/0Gy, and IPR/10Gy), respectively, from light micro-
scope autoradiography images. At 120 min after 3H-leucine administration, the ratio of the number 
of reduced silver grains localized in the secretory granules to the total number of reduced silver 
grains in the demilune cells of the nonIPR/10Gy group was lower than that of the other 3 groups as 
indicated by electron microscope autoradiography images.  Based on these results, it was apparent 
that the effect of irradiation was less on the demilune cells that discharged secretory granules than 
those that did not discharge them.
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experiments have mainly involved the parotid and 
submandibular glands, and only a few experi-
ments have studied the sublingual gland.  In this 
study, to investigate the inﬂuence of a nerve stim-
ulant, demilune cells of the sublingual gland were 
exposed to X-rays after isoproterenol (IPR: a 
nerve stimulant)-induced release of secretory 
granules from the demilune cells.  At 3 days after 
irradiation, the inﬂuence of the stimulant was 
investigated based on morphological changes and 
changes in cell functions that were observed using 
autoradiography with 3H-leucine.
Materials and Methods
1.  Experimental Animals and Breeding Con-
ditions
 For this study, 16 Balb/c male mice aged 8 
weeks and weighing approximately 30 g (Japan 
SLC Inc., Japan) were used as the experimental 
animals.  After adaptational breeding for one 
week, the mice were randomly divided into the 
following 4 groups (each group consisted of 4 
mice), as follows : an IPR (isoproterenol-HCl, 
Sigma-Aldrich Inc., USA) non-administered/ 
X-ray non-irradiated group (nonIPR/0Gy), an 
IPR administered/X-ray non-irradiated group 
(IPR/0Gy), an IPR non-administered/X-ray irradi-
ated group (nonIPR/10Gy), and an IPR adminis-
tered/X-ray irradiated group (IPR/10Gy).
2. IPR Administration
 A dose of 0.01 mg/g body weight (BW) of IPR 
was administered to the IPR/0Gy and IPR/10Gy 
groups only once throughout the experiment 
period at 3 hours prior to X-ray irradiation.
3. X-ray Irradiation and Observation Time
 A high-power X-ray generator (ML-6M, Mitsubi-
shi Electric Corporation, Japan) that can generate 
up to 6 MV was used to perform X-ray irradiation 
under general anesthesia with pentobarbital 
sodium (SomnopentylⓇ ; Schering-Plough Animal 
Health Corporation, USA).  The maxilla region, 
including the sublingual gland, of the mice in the 
nonIPR/10Gy and IPR/10Gy groups was irradiated 
with 10 Gy at the rate of 2.0 Gy/min only once 
throughout the experiment.  The observation time 
was set at 3 days after irradiation.
4. Preparation of Specimens for Morphologi-
cal Observation
 The mice of each group were quickly sacriﬁced 
under deep anesthesia induced by pentobarbital 
sodium, and the sublingual glands were enucle-
ated.  The central portion of the sublingual gland 
was cut into small fragments (about 1 mm3 each). 
The specimen was cut into thin slices of approxi-
mately 1.0-μm thickness, and the slices were 
stained with 0.5% toluidine blue.  The stained 
slices were observed under an upright microscope 
(DMRE, Leica Microsystems GmbH, Germany) 
and photographed by a highly sensitive CCD cam-
era (VB-7000/7010, Keyence Inc., Japan).  Using 
the same specimen, ultrathin slices of approxi-
mately 90-nm thickness were then prepared.  The 
slices were stained with uranium acetate for 10 
min, and lead citrate for 5 min.  The stained slices 
were observed under a transmission electron 
microscope (TEM, 2000EX, JEOL Inc., Japan).
5.  Preparation of Light Microscope Autora-
diography (LMARG) and Electron Micro-
scope Autoradiography (EMARG)
(1) Preparation of LMARG
 The mice were intra-abdominally injected with 
370 kBq/g BW 3H-leucine (37.0 GBq/m mol, Amer-
sham, U.S.A.) at 3 days after the irradiation.  At 
30 or 120 min after RI administration, the mice 
were sacriﬁced under deep anesthesia, and the 
sublingual glands were enucleated.  The enucle-
ated sublingual glands were embedded in Epon-
Araldite resin mixture using the same method as 
described above to obtain the specimen.
 The specimen was cut into thin slices of approxi-
mately 1.0-μm thickness.  The slices were then 
treated with an emulsion for LMARG (NTB2; 
Eastman Kodak Company, USA) so that the silver 
grains formed a single layer on each slice.  After 
2-week exposure, the slices were developed and 
ﬁxed.  The ﬁxed slices were photographed using a 
confocal laser scanning microscope (TCP SP; Leica 
Microsystems GmbH, Germany) in the differential 
interference mode to obtain images of the speci-
114 Oral Science International　Vol. 5, No. 2
mens.  At least 20 areas in the acinar cell region 
were analyzed for each group, and the number of 
reduced silver grains on 100 μm2 demilune cells 
was counted using measurement software (Qwin ; 
Leica Microsystems GmbH, Germany).  The 
obtained counts were examined using Welch’s t 
test, and a level of signiﬁcance greater than 5% 
was considered a signiﬁcant difference.  The effect 
of IPR was compared between the nonIPR/ 
0Gy and IPR/0Gy groups and between the 
nonIPR/10Gy and IPR/10Gy groups.  The effect of 
X-ray irradiation was compared between the 
nonIPR/0Gy and nonIPR/10Gy groups and 
between the IPR/0Gy and IPR/10Gy groups.
(2) Preparation of EMARG
 Using the same specimen as used for LMARG, 
ultrathin slices of approximately 90-nm thickness 
were prepared.  After placing the slices on slide 
glasses with celloidin ﬁlms, uranium staining and 
Reynolds’ lead staining were carried out on ice. 
Then, the slices were immersed in an emulsion for 
EMARG (Ilford L-4 ; Ilford Ltd., UK) using the 
dipping method7.  At least 20 demilune cells were 
measured for every group.  The number of reduced 
silver grains localized in the rough endoplasmic 
reticulum, the Golgi apparatus, and the mature 
secretory granules was divided by the total num-
ber of reduced silver grains in the demilune cells 
to obtain ratios for these 3 organelles.  The ratios 
were examined using Welch’s t test.
Results
1. Histological Changes
(1) Light Microscope Images
 In the nonIPR/0Gy group, the demilune cells 
were found lining the periphery of the mucous 
cells of the sublingual gland (Fig. 1a).  Comparing 
with the nonIPR/0Gy, the demilune cells were 
thickly dyed, atrophied, and fewer in the nonIPR-
10Gy group (Fig. 1b).  In the IPR/0Gy, both 
thickly-dyed and thinly-dyed demilune cells were 
found (Fig. 1c).  In the IPR/10Gy group, although 
thickly-dyed and atrophied demilune cells were 
observed, the morphological changes were less 
than those in the nonIPR/10Gy group (Fig. 1d).
(2) TEM Images
 In the demilune cells of the IPR/0Gy group, the 
Fig. 1 Image of each group under light microscope (stain used : toluidine blue) : a, the 
demilune cells were observed at the periphery of the acinar cells of the sublin-
gual gland in the nonIPR/0Gy group (indicated by the arrow) ; b, the demilune 
cells were atrophied and thickly dyed in the nonIPR/10Gy group; c, although 
some of the demilune cells were thickly dyed, the morphology and the distribu-
tion of the demilune cells in the IPR/0Gy group were similar to those in the 
nonIPR/0Gy group; and d, the demilune cells were atrophied in the IPR/10Gy 
group. (dc : demilune cell, m: mucous cell, bar : 50 μm).
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nuclei were basally located, the rough endoplas-
mic reticulum and the Golgi apparatus developed, 
and thickly-dyed granules were observed mainly 
at the site near the lumen (Fig. 2a).  In the 
nonIPR/10Gy group, the nuclei were concentrated 
and the rough endoplasmic reticulum was swollen 
(Fig. 2b).  As compared to the nonIPR/0Gy group, 
although the rough endoplasmic reticulum was 
slightly swollen, the image was similar to that 
observed in the IPR/0Gy group (Fig. 2c).  The mor-
phological changes observed in the IPR/10Gy 
group were less signiﬁcant than those observed in 
the nonIPR/10Gy group, but similar to those 
observed in the nonIPR/0Gy and IPR/0Gy groups 
(Fig. 2d).
2.  Number of Reduced Silver Grains in 
Demilune Cells in LMARG Images
 Example LMARG images of the IPR/0Gy and 
IPR/10Gy groups at 30 and 120 min after RI 
administration are shown in Fig. 3.  The number 
of reduced silver grains in 100 μm2 of demilune 
cells at 30 and 120 min after RI administration in 
each group is shown in Fig. 4.  No signiﬁcant dif-
ference was observed in the number of reduced sil-
ver grains in the demilune cells between the 
Fig. 2 TEM Images of the demilune cells : a, the rough endoplas-
mic reticulum, Golgi apparatus, and secretory granules 
that developed in the nonIPR/0Gy group; b, the rough en-
doplasmic reticulum was swollen and the nuclei were con-
centrated in the nonIPR/10Gy group; c, the morphology of 
the IPR/0Gy group was similar to that of the nonIPR/0Gy 
group; d, no swelling was observed in the organelles of the 
IPR/10Gy group. (RER: rough endoplasmic reticulum, Go : 
Golgi apparatus, SG: secretory granule, N: nucleus, Mt : 
mitochondrion, Mu: mucous cell, bar : 2 μm).
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nonIPR/0Gy and IPR/0Gy groups and between the 
IPR/0Gy and IPR/10Gy groups at 30 min after RI 
administration.  Moreover, the demilune cells of 
the nonIPR/10Gy group contained fewer reduced 
silver grains than those of the IPR/10Gy and 
nonIPR/0Gy groups.  No signiﬁcant difference was 
observed in the number of reduced silver grains in 
the demilune cells between the nonIPR/0Gy and 
IPR/0Gy groups and between the IPR/0Gy and 
IPR/10Gy groups at 120 min after RI administra-
tion.  Moreover, the demilune cells of the 
nonIPR/10Gy group contained more reduced silver 
grains than those of the IPR/10Gy and nonIPR/ 
0Gy groups.
3.  Ratio of the Number of Reduced Silver 
Grains Localized in Each Organelle
 Example EMARG images of the IPR/0Gy, 
nonIPR/10Gy, and IPR/10Gy groups at 30 and 120 
min after RI administration are shown in Fig. 5. 
Fig. 6 shows the ratios of the number of reduced 
silver grains located in the rough endoplasmic 
Fig. 3 The reduced silver grains in the sublingual gland in the LMARG image. a : Im-
age of a specimen from group nonIPR/10Gy at 30 min after RI administration. 
b : Group nonIPR/10Gy at 120 min. c : Group IPR/10Gy at 30 min. d : Group 
IPR/10Gy at 120 min. (dc : demilune cell, m: mucous cell, bar, 10 μm).
In a b, and c, the grains are localized on the dc. In d, the grains are dispersed 
in the entire dc.
Fig. 4 The number of reduced silver particles per 100 μm2 of the demilune 
cells at 30 min, 120 min after RI administration as observed by 
LMARG.
The number of silver grains in the nonIPR/10Gy group was signiﬁcantly lower 
at 30 min after RI administration and signiﬁcantly higher at 120 min after RI 
administration. (＊p＜ 0.05)
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reticulum, Golgi apparatus, and the mature secre-
tory granules to their total number in the demi-
lune cells.  No significant differences were 
observed at 30 min after RI administration among 
the 4 groups in terms of the ratio of the number of 
reduced silver grains localized in the rough endo-
plasmic reticulum to their total number in the 
demilune cells.  No signiﬁcant difference was 
observed in the ratio between the nonIPR/0Gy and 
IPR/0Gy groups at 120 min after RI administra-
tion.  The ratio of the IPR/10Gy group was signiﬁ-
cantly lower than that of the nonIPR/10Gy group, 
while the ratio of the nonIPR/10Gy group was 
higher than that of the nonIPR/0Gy group.  The 
ratio of the IPR/10Gy group was signiﬁcantly 
higher than that of the nonIPR/10Gy group, and 
the ratio of the nonIPR/10Gy group was signiﬁ-
cantly lower than that of the nonIPR/0Gy group. 
The ratio of the IPR/10Gy group was signiﬁcantly 
higher than that of the nonIPR/10Gy group, and 
Fig. 5 Electron microscope autoradiography (EMARG).  a : Image of a specimen from 
group IPR/0Gy at 30 min after RI administration. b : Group IPR/0Gy at 120 
min. c : Group nonIPR/10Gy at 30 min. d : Group nonIPR/10Gy at 120 min. e : 
Group IPR/10Gy at 30 min. f : Group IPR/10Gy at 120 min. (bar : 1 μm)
The grains in the IPR/0Gy group were mainly located on the RER and Go at 30 min and 
on SG at 120 min. In the nonIPR/10Gy group, 5–10 grains formed a congregate at 30 
min. The grains were located on the Go and the cell nucleus in addition to the SG at 
120 min. In the IPR/10Gy group, the grains were mainly located over the cytoplasm at 
30 min and on the SG at 120 min.
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the ratio of the nonIPR/10Gy group was signiﬁ-
cantly lower than that of the nonIPR/0Gy group. 
No signiﬁcant difference was observed in the ratio 
between the IPR/0Gy and IPR/10Gy groups.
Discussion
 Reduction in radiation injuries to the salivary 
glands is one of the most important factors that 
are considered when selecting a treatment for 
malignant tumors in the head and neck region. 
Many fundamental studies have been conducted 
with the goal of reducing radiation injuries.  Abok 
et al.5 reported that secretory granules released 
from the acinar cells of the salivary gland con-
tained metals such as zinc, manganese, and iron, 
and that X-ray irradiation-induced lipid oxidiza-
tion was stimulated by catalytic reactions involv-
ing these metals.  Since the publication of this 
report, many studies on the inﬂuence of X-ray 
irradiation on the salivary glands have been car-
ried out using experimental systems based on the 
release of secretory granules induced by the 
administration of nerve stimulants such as IPR 
and pilocarpine.  IPR8–10 is known to stimulate 
adenylic acid cyclase, increase cyclic adenosine 
monophosphate (AMP), increase the ion permea-
bility of the cell membrane, accelerate the active 
transport of ions and protein synthesis, and 
Fig. 6 The ratio of reduced silver grains localized in RER, Go and SG at 30 
min and 120 min after RI administration. (1) RER, (2) Go, (3) SG
At 30 min after RI administration, no signiﬁcant difference was observed among 
the groups with regard to the number of grains on RER and SG. The number of 
grains on Go was signiﬁcantly lower in the nonIPR/10Gy groups.  At 120 min  
after RI administration, the number of grains on RER was signiﬁcantly higher 
and that on SG was signiﬁcantly lower in the nonIPR/10Gy groups. (＊p < 0.05)
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degranulate acinar cells in the salivary gland 
almost completely.  Therefore, IPR was used as 
the degranulation agent in the present study.  To 
establish the experimental conditions for this 
study, the following experimental results were 
considered : (1) rodent mammals have usually 
been used to investigate the inﬂuence of X-ray 
irradiation on the salivary gland; (2) dosage rates 
of 2.5–15 Gy/min have predominantly been 
used11,12 ; and (3) the amount of salivary secretion 
reduces and reaches its minimum volume at 3–6 
days after X-ray irradiation11–15.  Either the 
parotid or the submaxillary gland has been the 
predominant subject in most studies conducted on 
the salivary gland.  This is because a majority of 
salivary gland malignancies arise in the parotid 
glands (80%), followed by the submandibular 
glands (10%) and sublingual glands (5%)1,2. 
Although only approximately 20% of tumors aris-
ing from the parotid gland are malignant, more 
than half the tumors arising in the submandibular 
or sublingual glands are malignant16.  Since the 
salivary gland is an organ containing various 
cells, a total of 24 different histologies for salivary 
cancers are listed in the WHO pathological classi-
ﬁcation17.  Thus, clariﬁcation of the characteristics 
of the serous, seromucous, and colleterial glands 
and the duct of the salivary gland is considered 
important in radiotherapy.  The goal of the pres-
ent study was to investigate the effectiveness of 
the release of secretory granules prior to irradia-
tion in reducing radiation injuries to the demilune 
cells in the sublingual gland; for this reason, IPR 
was administered and 10 Gy X-ray irradiation was 
subsequently applied to mouse sublingual demi-
lune cells that had effectively released their secre-
tory granules.  The conditions of the demilune 
cells at 3 days following the irradiation were eval-
uated by morphology and leucine kinetics in the 
cells.
 Under a light microscope, the number of demi-
lune cells that demonstrated atrophy was larger 
in the nonIPR/10Gy group than in the IPR/10Gy 
group.  Remarkable enlargement of the rough 
endoplasmic reticulum and nucleus concentration 
was observed in the TEM images of the cells of the 
nonIPR/10Gy group as compared with those of the 
IPR/10Gy group.  In other words, the IPR admin-
istration inhibited morphological changes in the 
demilune cells caused by X-ray irradiation.  Vis-
sink et al.18 proposed that a disturbed signal 
transduction resulting from radiation-induced 
damage to the plasma membrane was the cause of 
the observed acute effect of radiation.  On the 
other hand, Nagler19 suggested that the injurious 
agents that cause the delayed death of serous cells 
and lead to speciﬁc parotid gland radiosensitivity 
are the highly redox-active transition metal ions 
such as Fe and Cu; these are in some way associ-
ated with the secretory granules.  The results 
obtained in this experiment suggested that an 
increase in cyclic AMP caused by the IPR adminis-
tration activated cell metabolism in the IPR/0Gy 
group.  Moreover, due to the discharge of metals 
from secretory granules and an increase in cyclic 
AMP20 in the IPR/10Gy group, the histopathologi-
cal changes were reduced as in the case of the 
nonIPR/10G group.
 The demilune cell activity was investigated by 
performing autoradiography to investigate the 
kinetics of leucine in the constituent cells of the 
saliva.  With reference to the experimental results 
obtained by Ohki et al.21, the level of 3H-leucine 
absorption by the cells was investigated at 30 min 
after RI administration, i.e., the time by which an 
adequate amount of 3H-leucine has reached the 
ribosomes and the Golgi apparatus.  Moreover, the 
level of 3H-leucine absorption by the cells at 120 
min after RI administration, i.e., the time at 
which the synthesized protein is secreted, was 
investigated.  3H-leucine absorption by the demi-
lune cells per unit area was compared among the 
different groups using LMARG.  Although 3H-leu-
cine absorption in the nonIPR/10Gy group was 
signiﬁcantly lower than that in the groups without 
X-ray irradiation, 3H-leucine absorption in the 
IPR/10Gy group was similar to that in the groups 
without X-ray irradiation at 30 min after RI 
administration.  The 3H-leucine absorption level 
at 120 min after RI administration was half of the 
level at 30 min after RI administration in the 
groups without X-ray irradiation and in the 
IPR/10Gy group.  Therefore, the release of a cer-
tain amount of absorbed 3H-leucine from the 
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demilune cells was conﬁrmed.  However, a delay 
in absorbed 3H-leucine release was observed in the 
nonIPR/10Gy group.  In another study that used 
LMARG for cell observation, IPR administration 
was found to reduce the inﬂuence of irradiation on 
the acinar cells of the mouse submandibular 
gland22.  However, the LMARG data did not indi-
cate the effect of IPR administration.  Konings et 
al.23 reported that the number of parotid acinar 
cells, which are similar to sublingual demilune 
cells in morphology, did not decrease until 10 days 
after 15 Gy irradiation and that the plasma mem-
branes were disorganized during the initial period 
after irradiation (0–10 days).  In the present 
study, disorders of the membrane-bound signal 
transduction pathways were observed and attrib-
uted to irradiation.  With regard to transport dis-
orders in X-ray-irradiated cells, a decrease in the 
amount of ATP, devitalization of the sodium pump, 
and occurrence of a quantitative imbalance 
between K+ and Na+ at 1–3 days after 15 Gy irra-
diation have been reported14,24.  The results 
obtained in the present study are considered to be 
due to an X-ray irradiation-induced disorder in 
the active transport system.  In the nonIPR/10Gy 
group, the absorption, synthesis, and release of 
materials appeared to be inefﬁcient.
 In the EMARG results, no signiﬁcant differ-
ences were observed among the groups with 
regard to the ratio of the number of reduced silver 
grains localized in the rough endoplasmic reticu-
lum and secretory granules to the total number of 
reduced silver grains in the demilune cells at 30 
min after RI administration.  However, the ratio 
for the Golgi apparatus in the nonIPR/10Gy group 
was lower than the ratio in the other groups.  The 
reason for the delay in the transfer of 3H-leucine 
from the rough endoplasmic reticulum to the Golgi 
apparatus is unclear.  However, direct irradiation 
injuries to the Golgi apparatus and the transport 
system of each organelle membrane may be 
responsible for the delay.  At 120 min after RI 
administration, the ratios for the rough endoplas-
mic reticulum were signiﬁcantly higher in the 
nonIPR groups than in the other groups, whereas 
that for the secretory granules was signiﬁcantly 
lower in the nonIPR groups than in the other 
groups.  Therefore, it is considered that the intrac-
ellular transfer of amino acids, which were 
absorbed by the demilune cells, from the rough 
endoplasmic reticulum to the Golgi apparatus was 
delayed due to the 10 Gy X-ray irradiation without 
IPR administration.  Consequently, the ratio for 
the secretory granules in the nonIPR/10Gy group 
was lower than that in the other groups.  More-
over, since no signiﬁcant difference was observed 
between the IPR/10Gy and IPR/0Gy groups, it is 
considered that the degranulation effect of IPR 
reduced the amount of heavy metals in the acinar 
cells, inhibited the generation of free radicals, and 
protected the demilune cells from radiation inju-
ries.
 Nagler et al.25 suggested that the cell mem-
branes of the irradiated secretory granules in the 
salivary gland may undergo peroxidization, i.e., a 
proteolytic enzyme may enter and dissolve the 
cells.  It is difﬁcult to explain the difference in the 
inﬂuence of irradiation between the demilune cells 
of the sublingual gland and the acinar cells of the 
submandibular and parotid glands.  However, in 
this study, IPR was conﬁrmed to inhibit morpho-
logical changes and to restore the function of the 
demilune cells at 3 days after irradiation.  More-
over, degranulated granules were demonstrated to 
be involved in the reduction in injuries of the sub-
lingual gland.
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